ABSTRACT: Altered behavior due to prenatal smoke exposure was examined in 25 neonates born from smoking mothers who consumed at least 5 cigarettes/d during the entire gestation. Data were compared with 25 matched neonates born from nonsmoking mothers. Neonatal behavior was evaluated using the Brazelton Neonatal Behavioral Assessment Scale (BNBAS). Antenatal exposure to tobacco smoke at the end of the pregnancy was determined by measurement of urinary cotinine. Newborns from smoking mothers showed significant lower scores in various BNBAS items compared with neonates from nonsmoking mothers. A strong correlation was observed between infant irritability and urinary cotinine in newborns from smoker and nonsmoking mothers and with number of daily smoked cigarettes and maternal nicotine daily intake of infants exposed to active maternal smoking. Linear regression analysis showed that urinary cotinine was the best predictor of infant irritability (r 2 ϭ 0.727). The latter was also associated to the neonate's low level of attention and poor response to inanimate auditory stimuli. Among infants from nonsmoking mothers, paternal smoking significantly correlated with infant urinary cotinine and infant irritability, being also the best predictor of irritability (r 2 ϭ 0.364). Neonatal behavior can be significantly altered in a dose-dependent manner even after modest prenatal exposure to tobacco smoke. 
R ecent reports have shown that although the percentage of women smoking during pregnancy has decreased to only 10% in the United States in 2004 (1, 2) , estimated smokingattributable neonatal expenditures accounted for 366 million dollars (3) . Similarly, the prevalence of smoking during gestation in Italy diminished to 12% (4); in many other countries, however, prevalence rates remain high (43% in England, 39% in South Africa and Australia, 35% in Denmark, 34% in Spain, 20% in South America, Canada and Germany, or 18% in France) (5) . This fact raises a major perinatal and pediatric health issue since tobacco smoke impairs placental function depriving the fetus from oxygen and nutrients (6) . The observation of isolated transient symptoms (e.g., irritability, tremor) in newborns from heavy smoking mothers led to hypothesize the possibility of a nicotine withdrawal syndrome as a result of chronic prenatal exposure to high levels of tobacco smoke (5, 7, 8) . Moreover, it has been shown that cigarette smoke, a mixture of over 4,000 compounds, can significantly affect normal intrauterine development of the fetal nervous system (9) . Abnormal neurobehavioral performances that previous investigators have interestingly described in the offspring of mothers smoking during pregnancy (10) may be related. Smoking during pregnancy has been assessed by the administration of a questionnaire to the mother and by measurement of maternal salivary cotinine. However, self-reporting of smoking habits during pregnancy is known to be inaccurate due to recall bias or guilty feelings (11) . Moreover, maternal salivary cotinine assay is useful to assess very recent tobacco consumption but is not useful to assess chronic intrauterine exposure to tobacco smoke in the offspring (12) .
On the other hand, it has recently been shown that nicotine in different segmental of maternal hair is an adequate biomarker of chronic exposure to cigarette smoking during pregnancy, which fairly correlates with acute exposure measured by urinary cotinine concentration in the newborn (13) (14) (15) .
Taking into consideration the high cost and lengthy complex procedure of hair analysis in comparison with easy, rapid, and low-cost urinary cotinine analysis, this last biomarker has a promising role to assess prenatal exposure to tobacco smoke (14) .
The purpose of this study was to quantify prenatal exposure to tobacco smoke by measuring neonatal urinary cotinine and to establish a relationship between neonatal behavior evaluated by Brazelton Neonatal Behavioral Assessment Scale (BNBAS) and results of urinary cotinine testing. In fact, this instrument has been successfully used in previous studies for screening altered newborn behavior during the first days of life (16, 17) . Women were selected within 3 to 5 d after labor provided that the inclusion criteria of uncomplicated pregnancy and post-delivery good health conditions were met. Inclusion criteria for neonates were as follows: birth at term, appropriate for gestational age singletons, Apgar score Ͼ7 at 1 min and Ͼ9 at 5 min, absence of any abnormality at routine physical examination, and results of routine laboratory tests, including serum bilirubin concentration within normal limits.
METHODS

Participants
Exclusion criteria were major congenital malformations, hyperbilirubinemia, presence of alcohol or illicit drugs metabolites in the infant urine, and mothers consuming more than one cup of espresso coffee daily or more than a glass of caffeinated drinks other than coffee (coke, iced tea, tea, etc.), and/or more than three alcoholic drinks monthly (to avoid interference with the evaluation of neonatal behavior).
Twenty-five women whose infants fulfilled the inclusion criteria, with a history of continued active smoking of at least 5 cigarettes per day during the whole pregnancy were enrolled ( Table 2) . A questionnaire that included years of tobacco smoking, average number of daily smoked cigarettes and their brand, and presence of other smokers in the household was administered. From information of the questionnaire, nicotine daily intake (average number of cigarettes smoked per day multiplied by nicotine content in mg of each cigarette) was calculated (11, 14) . None of the woman declared the use of tobacco products other than cigarettes or consumption of illicit substances during pregnancy. Self-reported deny of illicit drugs use was confirmed by drug testing in the first neonatal urines using a screening test (Instant-View, Alfa Scientific Designs, San Diego, CA).
An equal number of 25 nonsmoking mothers whose neonates matched the other group by gender, birth weight (Ϯ150 g), gestational age (Ϯ1 wk), hours of life (Ϯ5 h), maternal age (Ϯ2.5 y), normal serum bilirubin value, and maternal and paternal educational and professional level were also enrolled in the study (Table 1) . Smoking status of nonsmoking mothers was confirmed by measurement of urinary cotinine as reported in the subsequent section for newborns using a urine sample collected at the last antenatal visit and stored at -80°C until analysis. Infants from both smoker and nonsmoking mothers were also matched for exposure to paternal smoke as number of smoked cigarettes ( Table 2 ).
The study was approved by the local Ethical Committee, conducted according to the principles expressed in the Declaration of Helsinki and informed consent was signed by both fathers and mothers of the newborns.
Measurement of neonatal urinary cotinine. Neonatal urine samples were collected within the first 24 h after birth using an adhesive collection bag and stored at -80°C until analysis. Immediate urine collection allowed the determination of steady-state newborn cotinine resulting from the continuous prenatal infusion of nicotine from tobacco smoke.
Urinary cotinine was measured in triplicate using a double antibody RIA according to the method of Van Vunakis et al. (18) . The level of crossreactivity of cotinine antibody with other nicotine metabolites was less than 5% (19) . The detectable range of measurement from the standard curve was 0.2-20 ng/mL cotinine with an interassay coefficient of variation of 6 -10%. Assays were performed blindly to the mothers' smoking status. Samples that at first determination fell outside the calibration curve were reexamined after proper dilution.
Newborns behavioral assessment. Newborns were administered the BNBAS (20) . The Division of Neonatology at the University "Federico II" is in fact a recognized Brazelton Center since 1996 associated to the Brazelton Center for Infants and Parents of the Harvard University.
All examinations took place in a quiet examination room under soft lighting and temperature conditions (22-27°C). Infants were examined at 56 -72 h of life to allow infant's adaptation to extrauterine life by a certified examiner who was blind to whether tobacco smoke exposure was positive or negative.
The BNBAS (20) includes 28 behavioral items each scored on a 9-point scale and 18 reflex items each scored on a 3-point scale. Clusters of items can be analyzed, such as habituation, orientation, motor performance, ranges of state, autonomic regulation, and reflexes. For analysis, all scores were converted from curvilinear to linear as indicated in BNBAS, so that a high score indicates a high energy level response and good auto-regulation to disturbance stimuli, whereas a low score indicates a low auto-regulation to disturbance stimuli response.
Statistical analysis. Since cotinine values did not follow a normal distribution, cotinine concentrations were log-transformed. Neonates from smoker and nonsmoking mothers were compared in their performance on each of BNBAS items using the nonparametric Wilcoxon test for paired data. Nonparametric Spearman correlation coefficient was used to assess the relationship among independent variables within the sample (urinary cotinine concentration, number of daily smoked cigarettes, gestational age, birth weight) and the score on each of BNBAS item. Linear regression analysis was used to assess main predictors of variance. The Statistical Package for Social Sciences (SPSS), version 11.5 for Windows was used tp analyze the data. Statistical significance was set at p Ͻ 0.05.
RESULTS
As established at the beginning of the study, newborns characteristics did not differ between the two study groups, apart from the in utero exposure to maternal smoking (Tables  1 and 2 ). In this sense, since some smoking mothers declared exposure to their partner smoke, nonsmokers mothers were chosen with similar exposure (measured as number of daily cigarettes smoked by the partner).
The average number of daily smoked cigarettes by smoking mothers during pregnancy was 12.2 with a mean nicotine daily intake of 10.1 mg. Neonatal urinary cotinine was significantly associated with maternal daily nicotine intake (r ϭ 0.618, p Ͻ 0.005, Fig. 1 ), but not with the number of daily cigarettes smoked by the father. Some infants from nonsmoking mothers showed a measurable value of urinary cotinine. Interestingly, in these cases paternal smoking ( as number of daily cigarettes) was significantly related to newborn urinary cotinine (r ϭ 0.829, p Ͻ 0.001, Fig. 2) .
Neonates of mothers who had smoked during their pregnancy showed significantly poorer performances in several items of BNBAS when compared with neonates from nonsmoking mothers (Table 3) . Indeed, scores for the majority of social-interactive items, defense, irritability, and tremors were lower in newborns in utero exposed to maternal smoke. In addition, neonates from both smoker and nonsmokers mothers with a measurable cotinine value (Ն0.20 ng/mL), a significant negative correlation was observed between the infant irritability score (where a higher value corresponds to a lower irritability and to a better auto-regulation) and his/her urinary cotinine (r ϭ -0.698, p Ͻ 0.001). In infants from smoking mothers, irritability was inversely correlated with maternal nicotine daily intake (r ϭ -0.547, p ϭ 0.008). In the multiple regression analysis, urinary cotinine was the single best variance predictor for irritability (r 2 ϭ 0.727). The neonate's quality of attention score was inversely correlated with urinary cotinine (r ϭ -0.562, p Ͻ 0.001), maternal nicotine daily intake in newborns from smoking mothers (r ϭ -0.437, p Ͻ 0.05), and irritability (r ϭ -0.585, p Ͻ 0.001). On the other hand, multiple regression analysis showed that urinary cotinine was the best variance predictor for poor neonatal quality of attention (r 2 ϭ 0.266). In the socio-interactive area, there was a negative correlation between inanimate auditive items and urinary cotinine (r ϭ -0.487, p Ͻ 0.001), irritability (r ϭ 0.437, p Ͻ 0.001) and maternal nicotine daily intake in newborns from smoking mothers (r ϭ -0.459, p Ͻ 0.005). Urinary cotinine was the best variance predictor for poor auditory performance of the neonate (r 2 ϭ 0.216). Exploring neurobehavioral items that estimate the states regulation, a significant negative correlation between consolability and urinary cotinine was found (r ϭ -0.287, p Ͻ 0.005). Tremors were also significantly correlated to urinary cotinine (r ϭ -0.451, p Ͻ 0.001) and with maternal nicotine daily intake in newborns from smoking mothers (r ϭ -0.477, p Ͻ 0.001). Urinary cotinine was the best variance predictor of tremors (r 2 ϭ 0.228, p Ͻ 0.001 ). Unexpectedly, in infants from nonsmoking mothers, paternal smoking was significantly related to irritability (r ϭ -0.616, p ϭ 0.001). Regression analysis showed that paternal smoking was the best predictor of infant irritability among newborns of nonsmoking mothers (r 2 ϭ 0.364). Conversely, in newborns from smoking mothers, paternal smoking was not associated with any altered behavior measured by BNBAS.
DISCUSSION
This study shows that maternal smoking during the entire pregnancy is associated with irritability in the newborn infant, which in turn is less interactive with the environment. Newborn behavior was evaluated using the BNBAS, already applied in previous investigations regarding tobacco smoke (21) (22) (23) (24) . However, it is somewhat surprising that some of these studies did not find any significant behavioral difference related to maternal tobacco use during pregnancy (21, 22) . However, these older studies often examined tobacco in the context of other factors such as illicit substance abuse or obstetric complications (25) .
This study was designed to pinpoint specific tobacco effects excluding most likely confounders: the two groups of newborns were carefully matched and assessed during the perinatal period in an appropriate way; infant exposure to cigarette smoke was measured directly by neonatal urinary cotinine; therefore, due to the methodologic rigurosity of the study, differences found between the study groups are relevant and outstanding.
The present findings are in agreement with those recently reported by Law et al. (10) . These authors using a behavioral research tool similar to BNBAS, showed a relationship between neonatal impaired neurobehavior and maternal tobacco use in pregnancy. An important methodologic difference between the study of Law et al. (10) and the present study is the use of maternal salivary cotinine to assess maternal smoking during pregnancy as compared with quantification of the same nicotine metabolite in infant urine, which accounts for the fetal exposure to smoke. However, either maternal or newborn biomarkers reflected exposure to tobacco smoke at the end of the pregnancy underestimating eventual smoking consumption or exposure earlier in pregnancy. Indeed, this period is known to be relevant with regard to a number of outcomes. Hence, a limitation of studies using a biomarker of recent exposure is that a certain percentage of women could have quitted tobacco smoke during pregnancy (usually first trimester) and at delivery declared to be nonsmokers. Nonetheless, if mothers who gave up smoking produced any bias in the 
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BEHAVIOR OF NEWBORNS EXPOSED TO SMOKE association between cotinine levels and the eventual effects in infants, this bias would have been conservative.
Differently from Law et al., which administered the Network Neurobehavioral Scale within 48 h after birth; in our study newborns were tested between 56 and 72 h of life. This was made to be out of the life period (usually within the first 48 h after birth) in which an eventual neonatal nicotine withdrawal syndrome (or only symptoms) could have occurred to newborns from heavy smokers affecting the results of BNBAS (5,7) .
The accurate assessment of fetal exposure to smoking through the objective measure of a biomarker allowed the first and definitive demonstration of a direct correlation between neonatal behavioral alterations and different levels of prenatal exposure to smoke. Our data further support the hypothesis that maternally derived nicotine and cigarette smoke compounds act directly on the developing fetal nervous system (26) .
A difference between newborns prenatally exposed to active maternal smoke and those exposed to passive smoke has to be pointed out. When the newborn is directly exposed to maternal tobacco smoke (calculated in fact as maternal daily nicotine intake) through feto-placental circulation, second hand paternal smoking (calculated as the number of smoked cigarettes) seems not to show any additive effect to the observed altered behavior. In contrast, whatever the precise mechanism of action of nicotine and other compounds on neural cells, in the absence of active maternal exposure, paternal smoking seems to have an effect although to a lesser extent. In fact, in newborns from nonsmoking mothers, paternal smoke significantly correlated with both neonatal urinary cotinine and irritability, although scores were significantly higher than those in infants from the active smoking groups.
CONCLUSIONS
Prenatal exposure to active or passive maternal tobacco smoke is significantly associated with neonatal behavioral alterations. Our data indicate a continuum rather than a threshold phenomenon. We believe that these observations shed further light on the interactions between nicotine and tobacco smoke compounds and the developing nervous system and may be relevant to health providers involved in educating smoking mothers and fathers to quit smoking as responsible parenthood.
